IscR from Escherichia coli is an unusual metalloregulator in that both apo and iron sulfur (Fe-S)-IscR regulate transcription and exhibit different DNA binding specificities. Here, we report structural and biochemical studies of IscR suggesting that remodeling of the protein-DNA interface upon Fe-S ligation broadens the DNA binding specificity of IscR from binding the type 2 motif only to both type 1 and type 2 motifs. Analysis of an apo-IscR variant with relaxed target-site discrimination identified a key residue in wild-type apo-IscR that, we propose, makes unfavorable interactions with a type 1 motif. Upon Fe-S binding, these interactions are apparently removed, thereby allowing holo-IscR to bind both type 1 and type 2 motifs. These data suggest a unique mechanism of ligand-mediated DNA site recognition, whereby metallocluster ligation relocates a protein-specificity determinant to expand DNA target-site selection, allowing a broader transcriptomic response by holo-IscR. npg
a r t i c l e s Fe-S proteins are ancient proteins found across all kingdoms of life. They have key structural, catalytic or electron-transfer roles in genome maintenance, transcription, translation and metabolism 1 . A number of recently discovered regulatory proteins use Fe-S clusters as sensors of a variety of small molecules by exploiting the versatile chemical reactivity of these metal centers 2, 3 . The regulatory response of the well-studied regulator [4Fe-4S]-FNR 2,3 is typical of most metalloregulators, in which binding of the cognate metal center switches the transcription factor from its inactive to active state and, accordingly, changes expression of its regulon 4 . In contrast, the E. coli [2Fe-2S] transcription factor IscR has emerged as an unusual transcriptional regulator, as both its clusterless form (apo-IscR) and its [2Fe-2S]-bound form are active transcriptional regulators [5] [6] [7] [8] . Cluster ligation apparently changes the DNA binding specificity to alter the set of genes that IscR controls.
IscR is widely conserved in bacteria 9 and is part of the large Rrf2 family of winged helix-turn-helix (wHTH) transcription factors 9, 10 . It was first discovered as the negative autoregulator of the isc operon, which encodes IscR and members of the Isc Fe-S biogenesis pathway 11 . However, it is now known that IscR is a global regulator that directly or indirectly controls the expression of ~40 genes 12 . Analysis of IscR-regulated genes has revealed that IscR recognizes type 1 and type 2 DNA-binding motifs, depending on whether an [2Fe-2S] cluster is ligated to the protein 6, 12 . Only [2Fe-2S]-IscR binds type 1 sites 5, 8 , whereas both [2Fe-2S]-IscR and apo-IscR bind a type 2 site with similar high affinity 6 , indicating that the Fe-S cluster is not required for interaction with type 2 sites. The ability of IscR to discriminate between two DNA motifs was unexpected, as the predicted structure of IscR contains only a single wHTH DNA-binding domain, and other known Fe-S cluster-containing transcription factors (for example, FNR and SoxR) do not seem to regulate transcription when they lack a metal cluster 2, 3, [13] [14] [15] . The features of IscR target-site recognition and the structural changes that alter the DNA binding specificity of IscR upon ligation of the [2Fe-2S] cluster are unknown.
To gain insight into how IscR recognizes two different DNA motifs, we used X-ray crystallography and structure-guided mutagenesis. We crystallized an IscR mutant that lacks the Fe-S cluster, bound to a well-studied type 2 site from the promoter of the hya operon that encodes hydrogenase-1. On the basis of the structure of the IscR-hya complex, we made alanine substitutions at residues key in mediating protein-DNA interactions and determined the ability of the [2Fe-2S]bound and apo forms of each protein variant to bind type 1 and type 2 sites. We found that the side chain of Glu43 is a primary discriminator that allows apo-IscR to distinguish between type 1 and type 2 binding sites. These studies suggest a previously unknown mechanism of metal-dependent regulation of a DNA-binding transcription factor, in which DNA binding specificity is apparently broadened by the repositioning of a single key side chain upon ligation of the metal cofactor.
RESULTS

Structure of apo-IscR bound to a type 2 DNA site
We determined the crystal structure of IscR bound to a 29-base-pair (29-bp) fragment of DNA (hya) containing the type 2 binding site from the hya promoter (IscR-hya), using data extending to a resolution a r t i c l e s of 2.22 Å (Fig. 1a) . To solve this structure, we used an IscR variant (IscR-3CA) in which the cluster-coordinating cysteines (Cys92, Cys98 and Cys104) were substituted to alanines, ensuring that this protein lacked an Fe-S cluster 5, 6 . The hya binding affinity of IscR-3CA is similar to that of wild-type IscR in vitro, and it is fully functional in repressing the hya promoter in vivo 6, 8 . IscR-3CA was crystallized in the P2 1 2 1 2 1 space group, and the asymmetric unit contained an IscR-3CA homodimer bound to a single double-stranded DNA from the hya site ( Table 1 ). The two IscR-3CA subunits of the homodimer were nearly identical, with an r.m.s. deviation of 0.6 Å.
IscR-3CA was primarily α-helical and comprised of two major structural elements: a DNA-binding domain and a dimerization helix. Stabilization of the dimer was achieved principally through hydrophobic interactions between residues of the coiled coil of the dimerization helix (residues 103-123) as well as helices α1 (residues 5-20) and α6 (residues 126-134), burying a solvent-accessible surface area of ~3,400 Å 2 between the two monomers. Helices α2 (residues 25-32), α3 (residues 36-42), β-strands β1 (residues 49-52), β2 (residues 53-57) and the wing W1 (residues 59-61) form the wHTH DNA-recognition motif (Fig. 1b) . The relatively long dimerization helix of IscR-3CA situated the DNA-binding domains at the distal ends of the dimer, allowing the recognition helix, α3, of each monomer to interact with consecutive major grooves of the DNA and the wing to interact with adjacent minor grooves. This architecture was in agreement with the IscR DNA footprint of 27 bp (ref. 12) encompassing the two symmetry-related half-sites shown by mutagenesis to be important for binding 6 . Electron density encompassing the residues that would be involved in [2Fe-2S] cluster ligation in wild-type IscR was apparent for only one of the two protein chains (Fig. 1a) . The location of this electron density indicated that these alanine residues (92, 98, and 104) were solvent-exposed in this conformation. If the analogous cysteine residues are similarly positioned and solvent exposed in the ligandbound form of IscR, then this location could allow for the facile incorporation and/or loss of the [2Fe-2S] cluster, providing a framework for understanding how this protein functions in sensing cellular Fe-S cluster status 8 . Additionally, the cluster-binding site from one subunit was proximal to the DNA-binding domain of the other subunit, suggesting that Fe-S cluster ligation in one IscR subunit may influence the conformation and DNA binding of the other subunit.
The IscR-3CA-bound hya DNA was bent ~8.4° relative to ideal B-form DNA (Fig. 1c) , whereas the overall DNA was slightly undertwisted (33.1° for hya compared to 35-36° for the canonical B-DNA). Insertion of the recognition helix of IscR-3CA into the major groove widened the major groove from 11.0 Å in B-form DNA to 14.3 Å at nucleotide positions 9, 10 and 11. However, the overall structure of DNA in the IscR-3CA-hya complex did not differ strikingly from that of ideal B-DNA.
Recognition of the hya target site by apo-IscR
We found that IscR-3CA possessed a basic surface, encompassing the recognition helix and the wing, which binds DNA ( Supplementary  Fig. 1 ). However, a salient feature of the IscR-3CA-hya interface was the presence of a conserved glutamate, Glu43, in the middle of this basic DNA-binding surface, which made a bidentate interaction between the carboxyl group of the side chain extending from the recognition helix and the exocyclic amines of C7C8 and C7′A8′ ( Fig. 2 and Supplementary Fig. 1 ). Acidic residues are not typically involved in DNA base recognition owing to the potential for electrostatic repulsion with the electronegative DNA backbone (although several examples, including the catabolite activator protein CAP-DNA 16 , replication initiator protein RepE-DNA 17 and, more commonly, protein-DNA complexes in the zinc-cluster family 18 , have been reported). In addition, the hydroxyl group of Ser40 of the recognition helix formed hydrogen bonds with N7 of A20 and G20′, suggesting a rationale for the conservation of purines at position 20 in both halfsites of the hya site. The side chain of Gln44 of the recognition helix formed a hydrogen bond with the carbonyl of T19 and T19′ ( Fig. 2) , which is not as highly conserved in type 2 sites 6 .
The structure also showed that the wing of the wHTH domain of IscR-3CA extended deeply into the minor groove of hya to provide additional specificity and stabilization (Fig. 2d) . The 59-Arg-Gly-Pro-61 sequence of the wing interacted extensively with the AT-rich region of the hya site in a manner somewhat reminiscent of an AT hook motif 19, 20 . The side chain of Arg59 extended into the minor groove, and its guanidino group interacted with the carbonyl oxygens of T6 and T25′. The hya-bound structure of IscR-3CA provided insights into the GXXGG motif, which is conserved in both IscR orthologs and proteins, such as CymR, in the larger Rrf2 family 10 . Gly60 and Gly64 were found to be in conformations that lie in the glycine-only region of Ramachandran space, prohibiting their mutation to other residues and consistent with the conservation of the 60GXXGG64 motif within the wing. Additionally, the structure suggested that Gly60 and Gly63 must be glycine for steric reasons, as the presence of a Cβ carbon would create steric clashes between the wing and either the DNA or the β1 strand, respectively. Notably, although CymR and IscR-3CA have similar unstructured regions between α4 2′  1′   3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29 Hydrogen bonds Van der Waal's contacts -35 hexamer region npg a r t i c l e s and α5, two of three residues in the recognition helix that make basespecific contacts in IscR-3CA and similar overall folds, the length and spatial orientation of the dimerization helix of CymR is different ( Supplementary Fig. 2 ). Thus, even though DNA recognition by CymR should be very similar to that of IscR, CymR binding probably requires a conformational change of the protein, DNA or both, as has been suggested previously 10 . Additional IscR-3CA-hya interactions included Tyr41, forming a stacking interaction with the sugar moiety of G18 and a hydrogen bond with the backbone phosphate of the same nucleotide. This interaction may serve to expand the width of this region of the major groove to stabilize insertion of the recognition helix ( Fig. 2) . Tyr65 formed hydrogen bonds with the phosphates at position C7′, and Arg2, Thr4, Ser5, Leu28, Ser38, Arg50 and Ser57 made additional contacts with the phosphate backbone ( Fig. 2a) .
Structural changes of IscR upon hya DNA binding
To assess the conformational changes that accompany the binding of IscR-3CA to the hya promoter, we also crystallized IscR-3CA in the absence of DNA (Fig. 3) . The structure was obtained in the P3 1 2 1 space group and determined using data extending to 1.9-Å resolution ( Table 1) . Consistent with previous reports that IscR behaves as a dimer in solution 6 , IscR-3CA not bound to DNA crystallized as a homodimer. The similar oligomeric state of free and hya-bound IscR-3CA indicated that regulation of IscR DNA binding is distinct from that of the FNR family of Fe-S transcription factors, for which clusterinduced dimerization commonly controls DNA binding 2, 3, 13 .
Comparison of the structures of IscR-3CA in the unbound and DNA-bound forms revealed that unbound IscR-3CA shared the same general structure as IscR-3CA-hya. The two subunits of the dimer were rotated by ~20° relative to each other, resulting in a 5.8-Å translation of the DNA-recognition helix (α3) to position it in the major groove ( Fig. 3) . Aside from Glu43, which rotated upon binding to allow it to contact C7C8 and C7′A8′, only minor rotameric shifts were necessary to accommodate binding of IscR-3CA to the hya promoter. In general, residues of the IscR-3CA wing underwent little structural change upon DNA binding, except that the side chain of Arg59, for which no electron density was apparent in the unbound structure, became ordered upon binding to the minor groove of hya.
Residues involved in DNA interactions
The nucleotide bases that were contacted by the IscR-3CA side chains in the structure corresponded well to those that were previously identified as important for binding in mutational analysis of the hya site 6 . However, because the decrease in IscR binding affinity for the mutant hya sites could be due to either removal of a nucleotide contact and/or a nucleotide sterically impeding the interaction of IscR side chains with DNA, these previous results may obscure the relevant contribution of individual nucleotides. To independently evaluate each side chain-nucleotide interaction, we removed side chain contacts by individually substituting Arg59, Tyr41, Ser40, Gln44 or Glu43 with alanine and measured the binding affinity of isolated proteins treated with EDTA to obtain the apo form. We found that most variant IscR proteins bound the hya site with reduced affinity compared to the wild-type protein, demonstrating the crucial role of these side chains. We observed the largest defect upon alanine substitution of Arg59, indicating that the Arg59 side chain of the wing motif made a major contribution to binding affinity, in part by forming an electrostatic interaction with the AT-rich minor groove ( Table 2 and Supplementary Fig. 3 ). AT tracts of ≥3 bp are correlated with the presence of narrow minor grooves, which are often recognized by arginine residues 21, 22 . This result was consistent with previous findings 6 , which show that a GC base-pair mutation within the AT tract of the minor groove of the hya site abolishes IscR binding. Tyr41 also appeared to make a substantial contribution to DNA binding, as an alanine substitution at this position reduced binding affinity ( Table 2 and Supplementary Fig. 3) . These results were consistent with Tyr41-DNA interactions providing binding energy to stabilize the recognition helix at the major groove. Fig. 3 ) (s.d., four-parameter Hill equation fitted to the average of at least three independent binding experiments). b Because binding saturation was not achieved at the maximum protein concentrations tested, the fitted value of K d may be an underestimation of the actual value of K d . npg a r t i c l e s
DNA-bound
We also found that removal of the side chains of three IscR residues that make base-specific interactions-Ser40, Gln44 and Glu43-had different effects on DNA binding affinity. Alanine substitution of Ser40 resulted in a moderate decrease in binding affinity ( Table 2 and Supplementary Fig. 3) . Consistent with the role of the Ser40 side chain in recognition of the N7 of purines at 20 and 20′, a purine-topyrimidine substitution at position 20 in the hya site abolishes IscR binding 6 . The Gln44 interaction with T19 and T19′ did not appear to have a major role in binding affinity with the type 2 motif, as alanine substitution of Gln44 resulted in only a small defect in binding to the hya site ( Table 2 and Supplementary Fig. 3 ). Thymines at position 19 and 19′ are poorly conserved in the type 2 motif ( Supplementary  Table 1 ), and mutations at these positions in the hya site also result in a mild binding defect 6 . Notably, alanine substitution of Glu43 had little effect on binding affinity ( Table 2 and Supplementary Fig. 3) , despite the use of its carboxylate side chain to form hydrogen bonds with N4 of C7C8 and N4 of C7′ and N6 of A8′ (Fig. 2b) . We were surprised by this result, as mutations at these positions in the hya site dramatically decrease binding of wild-type IscR 6 .
IscR-E43A loses discrimination of the C7C8 dinucleotide
A possible explanation for the behavior of the IscR E43A variant (IscR-E43A) is that removal of the carboxylate side chain of Glu43 abolished specificity for these positions without altering binding affinity. Indeed, unlike wild-type IscR, we found that IscR-E43A did not discriminate between nucleotide bases at positions 7 or 8 because mutations of C7C8 in one half-site did not disrupt binding affinity as they did with wild-type IscR ( Table 3 ). These results suggested that Glu43 contacts are vital to recognition of the well-conserved CC dinucleotide in both half-sites of type 2 sites. Additional binding experiments with IscR-E43A and mutant hya templates showed that despite losing specificity for the symmetrical CC dinucleotide, IscR-E43A retained the same specificity as wild-type IscR at other conserved positions in the hya site (data not shown) and bound to the hya site in the same manner as wild-type IscR, as shown by the structure of E43A-hya complex (Supplementary Fig. 4 ). Finally, one half-site of hya contains C7′A8′, rather than the conserved CC dinucleotide. Mutation of A8′ to cytosine slightly improved binding affinity (data not shown), consistent with the notion that the symmetrical CC dinucleotides recognized by Glu43 are preferred at positions 7 and 8 in both half-sites of type 2 sites.
IscR uses Glu43 to discriminate against the type 1 motif
In contrast to IscR type 2 sites, type 1 binding sites are asymmetrical, containing the C7C8 dinucleotide in one half-site and a T7′T8′ dinucleotide in the other half-site ( Supplementary Table 1 ). Because apo-IscR binds to a type 2 motif but not a type 1 motif, we considered the possibility that an inhibitory interaction of Glu43 with the T7′T8′ dinucleotide in the type 1 motif prevented apo-IscR from binding. Therefore, we compared the ability of apo-IscR, [2Fe-2S]-IscR, apo-IscR-E43A and [2Fe-2S]-IscR-E43A to bind to a type 1 site derived from the isc promoter (iscRB). As expected 6 , apo-IscR bound the iscRB type 1 site poorly compared to [2Fe-2S]-IscR (Fig. 4) . In contrast, apo-IscR-E43A bound the iscRB type 1 site strongly, comparable to [2Fe-2S]-IscR-E43A and wild-type [2Fe-2S]-IscR (Fig. 4) . This affinity was also similar to that observed for apo-and [2Fe-2S]-IscR-E43A binding to the hya type 2 site, indicating that Glu43 does not contribute substantial binding energy to either type of site. On the basis of these observations, we propose that the apo-IscR residue Glu43 actively discriminates against asymmetrical dinucleotides at positions 7 and 8 that do not contain a major groove-exposed exocyclic amino group, as is the case in type 1 sites.
Differences in recognition of type 1 and type 2 motifs
Because eliminating the Glu43 side chain contacts allowed apo-IscR-E43A to bind the type 1 motif, we asked whether binding of wild-type apo-IscR to a type 1 site could be achieved by replacing the asymmetrical T7′T8′ dinucleotide with cytosines. To do this, we tested the ability of wild-type [2Fe-2S]-and apo-IscR to bind to an engineered symmetrical type 1 site, iscRBcc with the sequence 5′-AAATAGCCGACCATTTTACTCGGGAATGTC-3′ (symmetrical positions 7 and 8 are shown in bold and mutated dinucleotides are underlined; Fig. 5 ). However, we found that apo-IscR binding was not improved by making the type 1 site more symmetrical (Fig. 5) . Therefore, providing potentially favorable interactions with the CC dinucleotide was not sufficient to allow high-affinity apo-IscR binding with a type 1 site, suggesting that contacts to other nucleotides in the type 1 site are not made even when a CC dinucleotide is present in both half-sites. This notion was supported by the fact that nucleotides present in the hya type 2 site that make contacts to Gln44 [T19 and T19′ (A11 on top strand)] and Ser40 [A20 and G20′ (C10 on top strand)] are not conserved in the type 1 motif ( Supplementary Table 1 ). Rather, in the type 1 motif, G19, C11, T20 and A10 of the top strand are conserved at those positions, respectively.
If the observed differences in DNA sequence at the type 1 and type 2 motifs were functionally relevant, then the amino acid side chain requirements for binding the two motifs should also be different (Tables 2 and 4 and Supplementary Figs. 3 and 5) . Indeed, only the npg a r t i c l e s variants IscR-Q44A and IscR-S40A showed different magnitudes of binding defects between the type 1 site (with [2Fe-2S]-bound protein) and type 2 site (with apo protein). Whereas the binding defect for the Q44A variant was greater for the type 1 site than the type 2 site, the opposite was the case for the S40A variant, which showed a smaller binding defect for type 1 site than for type 2 sites. These data suggested that the side chains of Gln44 and Ser40 are likely to be involved in different specificity-determining contacts at the two sites.
We also found that substitution of Tyr41 or Arg59 with alanine caused a substantial binding defect at both type 1 and type 2 sites, suggesting that IscR uses these side chains in binding of both sites (Tables 2 and 4 and Supplementary Figs. 3 and 5) . Consistent with this notion, an AT-rich region for binding the wing motif is also conserved in the type 1 site ( Supplementary Table 1 ). In summary, whereas the [2Fe-2S] and apo forms of IscR use one DNA-binding interface to recognize similar structural features of motif types 1 and 2, it is apparent that nucleotide base recognition, particularly the recognition of a CC dinucleotide at positions 7 and 8 in both half-sites by the Glu43 side chain, allows apo-IscR to discriminate between type 1 and type 2 sites.
DISCUSSION
Although IscR was first discovered as the negative autoregulator of the E. coli isc operon, which encodes IscR and members of the Isc Fe-S biogenesis pathway 11 , it is now known that IscR is a global transcriptional regulator, controlling expression of ~40 genes 12 . Furthermore, because Fe-S cluster ligation is regulated in vivo 5, 8 , the Fe-S-dependent changes in DNA binding specificity impart unexpected complexity to regulation of IscR's target sites, and the analysis of IscR variants reported here reveal how a single DNAbinding domain can make specific contacts with two distinct DNA-binding motifs. Although the structure of the IscR-3CA-hya complex shows some features expected of this class of wHTH proteins, we have identified unique features, such as the relocation of the specificity determinant Glu43, providing insight into how [2Fe-2S] cluster ligation can expand IscR target-site selection.
Interactions of IscR with type 2 binding sites
The relatively small structural changes to hya DNA and IscR-3CA protein that accompanied DNA binding suggest that apo-IscR is poised to bind B-DNA of the type 2 motif. The interactions of Arg59 from the wing and Tyr41 from the recognition helix contributed substantial binding free energy, probably recognizing structural features of the hya DNA site. Base specificity was achieved by interactions between major groove cytosines (C7C8 and C7′C8′), purines (20 and 20′) and thymines (19 and 19′) with side chains from Glu43, Ser40 and Gln44, respectively, of the IscR-3CA DNA-recognition helix (Fig. 6a) .
[2Fe-2S]-IscR showed similar sequence requirements for binding the type 2 site (data not shown), suggesting that its binding conformation is probably similar to that of apo-IscR (Fig. 6b) .
Although it is somewhat unusual for an acidic residue, such as Glu43, to be featured at the center of a protein-DNA interface, it is not wholly unprecedented. Despite the prominent bidentate interaction that Glu43 formed with the C7C8 or C7′A8′ dinucleotide in each hya half-site, this interaction contributed little to the binding free energy. This phenomenon is relatively well appreciated; hydrogen bonds at protein-DNA interfaces often function to determine DNA binding specificity rather than mediate affinity 20, 21, 23 . Indeed, this seems to be the functional role of Glu43 in IscR.
[2Fe-2S] cluster ligation remodels the DNA-binding domain
Although the Glu43 side chain had a key role in site-specific interactions of apo-IscR with the type 2 motif, it inhibited high-affinity binding of the type 1 motif. We propose that an electrostatic clash between the carboxylate of Glu43 and the T7′T8′ dinucleotide, which is conserved in one half-site of the type 1 motif, prevents close apposition of apo-IscR to the DNA, disrupting additional interactions between apo-IscR and type 1 DNA. The resulting loss of free energy would prevent neutralization of the positive free energy contribution from desolvation of the glutamate residue ( Fig. 6c) . However, our finding that the E43A variant bypassed the requirement for Fe-S cluster ligation for high-affinity binding to a type 1 site suggests that at least part of the role of Fe-S cluster ligation is to remove the energetically unfavorable contribution of Glu43 to type 1 DNA binding. We propose that Fe-S cluster ligation induces a conformational change that repositions the specificity determinant Glu43 and allows additional specific and nonspecific contacts with the DNA that dictate binding affinity, thus broadening specificity. Cluster ligation probably reorients the negatively charged Glu43 away from the major groove to allow wild-type [2Fe-2S]-IscR binding with the type 1 site (Fig. 6d) .
Although the structures studied here were of IscR-3CA, which lacked the cluster, the location of the cluster-binding region provides a framework for considering the role of Fe-S cluster ligation SoxR, a [2Fe-2S] protein that is structurally similar to IscR, binds its target site as a dimer, although its mechanism of regulation differs from that of IscR. SoxR is active only as a transcriptional regulator in the oxidized [2Fe-2S] 2+ form 15 , although both apo-and [2Fe-2S] + -SoxR are able to bind the same site with high affinity 24 . From the structure of the DNA bound [2Fe-2S]-SoxR, it has been proposed that oxidation of the cluster in one subunit of SoxR transmits a signal to the DNA-binding domain of the adjacent subunit 25 . The resulting conformational changes in the protein result in DNA bending necessary for transcription activation 25 .
In contrast, the oxidation state of the [2Fe-2S] cluster does not appear to have a role in the regulation of IscR activity 5 . Rather, changes in cluster occupancy, which are influenced by O 2 availability in vivo, lead to differential expression of IscR-dependent promoters depending on the type of binding site 6, 8 . Previous transcription profiling experiments carried out under aerobic and anaerobic conditions, which reflect the apo and [2Fe-2S] states of IscR, respectively, yielded very different IscR-dependent responses and indicated a functional link to Fe-S homeostasis. For example, during anaerobic growth, when Fe-S clusters are stabilized and demand for their synthesis is low, [2Fe-2S]-IscR binds type 1 sites to repress expression of the Fe-S biogenesis machinery 8, 12 . In aerobic conditions, Fe-S clusters are subject to higher turnover, owing to oxidative damage 26 . Therefore, apo-IscR predominates and binds type 2 sites to repress Fe-S cluster−containing anaerobic respiratory proteins and upregulates the alternative Suf pathway of Fe-S biogenesis 7, 12, 27 . Notably, expression of most type 2-regulated promoters is additionally regulated, under anaerobic conditions, by other transcription factors, limiting the role of apo-IscR to aerobic conditions. Thus, IscR-dependent regulation seems to exploit Fe-S cluster occupancy to differentially alter expression of genes under aerobic and anaerobic conditions through changes in DNA binding specificity.
In summary, IscR seems to represent a new paradigm for transcriptional regulation by Fe-S cluster-containing transcription factors. Although it is common for transcription factors to require a cofactor to regulate their activity, we are unaware of any transcription factors other than IscR that are active in both the apo and ligand-bound forms and use ligand binding to alter DNA binding specificity. Much of the current understanding of cofactor-containing transcription factors has been based on the analysis of only a subset of potentially regulated promoters. As global studies of the binding and activity of transcription factors are pursued to identify genome-wide targets, it is conceivable that roles for the apo forms of other transcription factors will be uncovered, as was the case for IscR 12 . Furthermore, metals may mediate other novel mechanisms of regulation. For example, the Streptomyces coelicolor zinc regulator Zur 28 contains, in addition to a structural zinc-binding site, two zinc-binding sites that regulate DNA binding-one site serves as an on-off switch for DNA binding and the other differentially tunes DNA affinity at target sites when the 'switch' site contains zinc. Thus, the study of metal-binding transcription factors continues to provide a fascinating window into the role of metals in biology.
METHODS
Methods and any associated references are available in the online version of the paper. Accession codes. Protein Data Bank: Coordinates have been deposited with the accession codes 4HF0 (unbound apo-IscR-3CA), 4HF1 (IscR-3CA-hya) and 4HF2 (IscR-E43A-3CA mutant bound to the hya site).
Note: Supplementary information is available in the online version of the paper.
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